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Summary 

The  use o f   l a s e r   c o o l e d   s t o r e d   i o n s   i n  an 
a t o m i c   f r e q u e n c y   s t a n d a r d   h a s   t h e   p o t e n t i a l   o f   v e r y  
h i g h   a c c u r a c y   b e c a u s e   D o p p l e r   e f f e c t s   a r e   g r e a t l y  
suppressed. A c l o c k   b a s e d   o n   + t h e   g r o u n d - s t a t e  
h y p e r f i n e   t r a n s i t i o n   i n  201Hg  has p o t e n t i a l  
a c c u r a c y   a n d   s t a b i l i t y   e 5 c e e d i n g  1 p a r t   i n  
However ,   l ase r   coo led  9Be i o n s   a y e   e x p e r i m e n t a l l y  
e a s i e r   t o   o b t a i n .   T h e r e f o r e  a  9Be  based  frequency 
s t a n d a r d   i s   i n v e s t i g a t e d   i n   o r d e r   t o   s t u d y   t h e  
g e n e r i c   p r o b l e m s   o f   l a s e r   c o o l e d   s t o r e $   i o n  
f requency   s tandards .   Approx imate ly  300  9Be i o n s  
a r e   s t o r e d   i n  a Penn ing   t rap   and   l ase r   coo led .  The 
303 MHz g r o u n d   s t a t e  (MI, M,)=!-3/2,1/2)~(-4,4) 
n u c l e a r   s p i n   f l i p   h y p e r f i n e   t r a n s i t i o n   i s   o b s e r v e d  
a t  a m a g n e t i c   f i e l d   ( ~ 0 . 8 2 T )   w h e r e   t h e   t r a n s i t i o n  
f r e q u e n c y   i s   i n d e p e n d e n t   o f   m a g n e t i c   f i e l d   t o   f i r s t  
o r d e r .  The t ime  domain Ramsey method o f  
i n t e r r o g a t i o n   i s   u s e d   a n d   y i e l d s  a l i n e w i d t h   o f  25 
mHz. The s t a b i l i t y   o f  a n   o s c i l l a t o r   l o c k e d   t o   t h i s  
t r a n s i t i o n  has  been-measured f o r  400 S <  1: <3200 S t o  
be U ( r )E2x10 -l1 1: '. By m e a s u r i n g   t h e   v e l o c i t y  
d i s t 4 b u t i o n   o f   t h e   i o n s ,   t h e   s e c o n d - o r d e r   D o p p l e r  
s h i f t   i s   d e t e r m i n e d   t o  be  on t h e   o r d e r   o f   5 ~ 1 0 - l ~ .  
The m a g n e t i c   f i e l d   i n s t a b i l i t y   c o n t r i b u t e s  a 
3 ~ 1 0 - l ~   u n c e r t a i n t y   i n   t h e   p r e s e n t   e x p e r i m e n t .  All 
o t h e r   s y s t e m a t i c   u n c e r t a i n t i e s   a r e   e s t i m a t e d   t o  be 
no g r e a t e r   t h a n   3 ~ 1 0 ' ' ~ .  

I n t r o d u c t i o n  

Because s t o r e d   i o n   t e c h n i q u e s   p r o v i d e   l o n g  
c o n f i n e m e n t   t i m e s   w i t h   m i n i m a l   p e r t u r b a t i o n s ,   t h e y  
p r o v i d e   t h e   b a s i s   f o r   i m p r o v e d   t i m e   a n d   f r e q u e n c y  
Standards' .   Several   groups  have  sought t o   $ e v e l o p  a 
microwave  f requency  standard  based  on 199+Hg i o n s   i n  
an rf t rap2 '5 .  The c h o i c e   o f   t h e   l g 9 H g   i o n   f o r  a 
m i c r o w a v e   s t o r e d   i o n   f r e q u e n c y   s t a n d a r d   i s   b a s e d   o n  
i t s  40.5 GHz g r o u n d - s t a t e   h y p e r f i n e   s e p a r a t i o n ,  
wh ich  i s  t h e   l a r g e s t  o f  a n y   i o n   w h i c h   m i g h t   e a s i l y  
be  used i n  a f requency   s tandard   (hence  h igh  Q f o r  a 
g i v e n   i n t e r r o g a t i o n  t i m e ) ,  and i t s   r e l a t i v e l y   l a r g e  
mass,  (hence  small   second-order  Doppler, s h i f t   a t  a 
g i v e n   t e m p e r a t u r e ) .   I n   a d d i t i o n ,  a  *02Hg  lamp 
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s o u r c e   c a n   b e   u s e d   t o   o p t i c a l l y  pump the   lg9Hg+ 
ground  s ta te .   Exper iments   on  Hg i o n s   t o   d a t e  
have  been  unsuccessful  i n   c o o l i n g   t h e   i o n s  t o  t h e  
ambien t  room  tempera ture .   Th is   resu l ts  i n  a 
r e l a t i v e l y   l a r g e   s e c o n d - o r d e r   D o p p l e r  o r  t i m e -  
d i l a t i o n   s h i f t   w h i c h  may be d i f f i c u l t   t o   e v a l u a t e  
t o   b e t t e r   t h a n   a b o u t  10 -l3. NB5 has  proposed6 an 
ion   f requency   s tandard   based+on  a g round-s ta te  
h y p e r f i n e   t r a n s i t i o n   i n  *OIHg i o n s   s t o r e d   i n  a 
Penn ing   t rap   and   coo led   t o   be low 1 K b y   l a s e r  
r a d i a t i o n   p r e s s u r e .  The l a s e r   c o o l i n g   o f   t h e  Hg 
i o n s  i s  made d i f f i c u l t  by   t he   requ i remen t  f o r  a 
194 nm tunable,   narrowband  source  and  by  depopula-  
t i o n   o p t i c a l   p u m p i n g   o f   t h e   g r o u n d   s t a t e .   L a s e r  
c o o l i n g   o f  9Be i o n s  i s  e x p e r i m e n t a l l y  much 
e a s i e r .   T h e r e f o r e  it i s   u s e f u l   t o   i n v e s t i g a t e  a 
9Be  based  f requency  standard i n   o r d e r  t o  s tudy  
t h e   g e n e r i c   p r o b l e m s  o f  s t o r e d   i o n   f r e q u e n c y  
s tandards,   even  though t Q e  p o t e n t i a l   p e r f o r m a n c e  
i s   n o t  as h i g h  as f o r  Hg i o n s ,  due t o   t h e   l o w e r  
t r a n s i t i o n   f r e q u e n c y .  

Exper imental   Method 

Clouds o f  9Be+ i o n s   a r e   c o n f i n e d   b y   t h e  
s t a t i c   m a g n e t i c   a n d   e l e c t r i c   f i e l d s  o f  a Penning 
t r a p  a n d   s t o r e d   f o r   h o u r s   ( s e e   F i g .  1). The i o n s  
a r e   c r e a t e d   i n s i d e   t h e   t r a p   b y   e l e c t r o n  bombard- 
ment o f  Be atoms  evaporated  f rom an  oven l o c a t e d  
o u t s i d e   t h e   t r a p   e l e c t r o d e s .   D u r i n g  a r u n ,   t h e  
oven i s   t u r n e d  o f f ,  a n d   t h e   r e s i d u a l   p r e s s u r e  i s  
e s t i m a t e d   t o  be l e s s   t h a n  10 -7 Pa.  The t r a p  i s  
made o f  g o l d  mesh endcaps  and  a  molybdenum mesh 
r i n g   e l e c t r o d e .  The c e n t e r   o f   t h e   t r a p   i s   a t  one 
f o c u s   o f   a n   e l l i p s o i d a l   m i r r o r ;   t h e   s e c o n d   f o c u s  
i s   o u t s i d e   t h e  vacuum  system. A l e n s   i s   u s e d  t o  
c o l l i m a t e   t h e   f l u o r e s c e n c e   l i g h t   i n t o  a photo-  
m u l t i p l i e r   t u b e .  The i o n s   a r e   l a s e r   c o o l e d ,  
compressed,  and pumped i n t o   t h e  (MI,MJ)= ( -3 /2,  
-1 /2 )   g round   s ta te   by  a l a s e r   t u n e d   t o   t h e  2s2S 
(-3/2;-1/2) -+ 2p2P  (-3/2,-3/2)  (h=313 nm) t r a n s i '  
t i o n .  The  313 n m 3 i f g h t   i s   o b t a i n e d   b y   g e n e r a t i n g  
t h e   s e c o n d   h a r m o n i c   o f   t h e   o u t p u t   o f  a s i n g l e  mode 
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F i g u r e  1. E l e c t r o d e   c o n f i g u r a t i o n  f o r  a P e n n i n g   t r a p .   I n   t h i s  
exper iment  BO = 0.8194 T, 1.64zo=ro=0.417 cm, and  Vo=l V 
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F i g u r e  2. H y p e r f i n e   s t r u c t u r e   o f   t h e  9Be+ 2szS, 
g r o u n d   s t a t e   a s  a f u n c t i o n   o f  magnetqc 
f i e l d .  u1 i s   t h e   c l o c k   t r a n s i t i o n .  

cw d y e   l a s e r   i n  a 90' phase-matched   cy rs ta l   o f  
rub id ium  d ihyd rogen   phospha te  ( R D P ) .  The power i s  
t y p i c a l l y  20 pW. The s i z e ,   d e n s i t y ,   a n d   t e m p e r a t u r e  
o f   t h e   i o n   c l o u d s   a r e   d e t e r m i n e d   b y   u s i n g  a second 
p r o b e   l a s e r . 8   T y p i c a l   c l o u d s   c o n s i s t   o f   a t   m o s t  
s e v e r a l   h u n d r e d   i o n s   w i t h   c l o u d   d e n s i t i e s   o f   l - 2 x 1 0 7  
ions /cm3  and   c loud   d iamete rs   rang ing   f rom 100 t o  300 
pm. I o n   t e m p e r a t u r e s   o f   a r o u n d  100 mK a r e   o b t a i n e d  
w i t h   t h e   l a s e r  on c o n t i n u o u s l y .  

A t  a m a g n e t i c   f i e l d  o f  abou t   0 .8194T ,   t he  
(-3/2,1/2) + (-4,4) g r o u n d   s t a t e   h y p e r f i n e   t r a n s i -  
t i o n  u1 ( s e e   f i g .  Z), depends o n l y   q u a d r a t i c a l l y   o n  
t h e   m a g n e t i c   f i e l d   d e v i a t i o n  AB. 

- = -0.017 t;) 
V 1  

L i n e w i d t h s   w h i c h ,   t o  a h igh   deg ree ,   a re   i ndepen-  
d e n t   o f   t h e   m a g n e t i c   f i e l d   h o m o g e n e i t y   a n d   s t a b i l -  
i t y  a r e   o b t a i n e d   b y   u s i n g  a f i r s t   o r d e r   m a g n e t i c  
f i e l d   i n d e p e n d e n t   t r a n s i t i o n   l i k e  u1 as t h e   c l o c k  
t r a n s i t i o n . g   M i c r o w a v e   r a d i a t i o n   t u n e d   t o   t h e  
e l e c t r o n   s p i n   f l i p   r e s o n a n c e   ( 5 2 3   9 1 4 . 0 1  MHz) 
t r a n s f e r s   h a l f   o f   t h e   i o n   p o p u l a t i o n   f r o m   t h e  
o p t i c a l l y  pumped ( - 3 / 2 , - 1 / 2 )   s t a t e   t o   t h e   ( - 3 / 2 ,  
+1/2) s t a t e .  Some o f   t h e   ( - 3 / 2 , + 1 / 2 )   s t a t e  
p o p u l a t i o n   i s   t r a n s f e r r e d   t o   t h e  (-+,+%) s t a t e   b y  
a p p l i c a t i o n   o f  rf n e a r   t h e  303 MHz c l o c k   t r a n s i -  
t i o n   f r e q u e n c y .   T h i s   r e s u l t s   i n  a decrease i n   t h e  
o p t i c a l l y  pumped ( - 3 / 2 , - 1 / 2 )   s t a t e   p o p u l a t i o n  
because o f   t h e   m i c r o w a v e   m i x i n g   a n d  a decrease i n  
t h e   f l u o r e s c e n c e   l i g h t   d e t e c t e d   b y   t h e   p h o t o m u l t i -  
p l i e r   t u b e .  

The t ime  domain Ramsey method i s  used t o  
p r o b e   t h e  u1 c l o c k   t r a n s i t i o n .   F i r s t  a 0 . 5 5  rf 
p u l s e   i s   a p p l i e d   t o   t h e   t r a p p e d   i o n s .   T h i s   i s  
f o l l o w e d   b y  a 1 9 s   f r e e   p r e c e s s i o n   p e r i o d   a n d   t h e n  
the   second  0.5 S rf p u l s e ,   c o h e r e n t   w i t h   t h e   f i r s t  
one.  The l a s e r   a n d   m i x i n g   m i c r o w a v e s   a r ?   o n   f o r  a 
p e r i o d   o f  3 t o  5 S d u r i n g   w h i c h   t h e  9Be i o n s   a r e  
p r e p a r e d   i n   t h e  (-3/Z,-l/Z) and  (-3/2,+1/2) 
s t a t e s .  The lase r   and   m ix ing   m ic rowaves   a re   t hen  
t u r n e d   o f f   d u r i n g   t h e  20 S rf  Rarnsey i n t e r r o g a t i o n  
p e r i o d  i n  o r d e r   t o   a v o i d   l i g h t   a n d  ac Zeeman 
s h i f t s .   A f t e r   t h e  Ramsey i n t e r r o g a t i o n   p e r i o d ,  
t h e   l a s e r   a n d   m i x i n g   m i c r o w a v e s   a r e   t u r n e d   b a c k  
on ,   and  the   s igna l  i s   o b t a i n e d   f r o m   t h e   p h o t o m u l -  
t i p l i e r   t u b e   c o u n t   r a t e   d u r i n g   t h e   f i r s t  0 . 3  t o  
0 .5 S o f   t h e   l a s e r   a n d   m i x i n g   m i c r o w a v e s   o n  
p e r i o d .  The t h e o r e t i c a l   l i n e  shape f o r   t h e s e  
c o n d i t i o n s   i s  shown i n  F i g .   3 .   F i g u r e  4 g i v e s   t h e  
s i g n a l   o b t a i n e d   b y   a v e r a g i n g   1 0  sweeps across  a 
lOOmHz w i d t h   c e n t e r e d   n e a r   t h e   c l o c k   t r a n s i t i o n  

I I 

1 I I 
-2.0 -1.5 -1.0 -0.5 0 0.5 1 .o 1.5 2.0 

Applied rf Frequency-Center Frequency  (Hz) 

F i g u r e  3. Theoretical resonance curve for t he  c l o c k   t r a n s i t i o n ,  
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F i g u r e  4. Ramsey s i g n a l   o b t a i n e d   o n   t h e   c l o c k   t r a n s i t i o n .  The  sweep w i d t h  i s  

100mHz a n d   t h e   f r e q u e n c y   i n t e r v a l   b e t w e e n   p o i n t s  i s  5mHz.  The d o t s  
a r e   e x p e r i m e n t a l ;   t h e   c u r v e   i s  a l e a s t   s q u a r e s  f i t. 

f r e q u e n c y   ( i . e . ,   t h e   c e n t r a l   p o r t i o n   o f   F i g .   3 ) .  
The 25 mHz l i n e w i d t h   g i v e s  a Q o f  1 . 2 ~ 1 0 ' ~  on   the  
303 MHz c l o c k   t r a n s i t i o n .  

F i g u r e  5 i s  a b l o c k   d i a g r a m   o f   t h e   s y s t e m   u s e d  
t o  l o c k   a n  rf o s c i l l a t o r  t o  t h e   c l o c k   t r a n s i t i o n .  
The  303 MHz i s   o b t a i n e d   b y   s u m - m i x i n g   t h e  294 MHz 
f r e q u e n c y   d o u b l e d   o u t p u t   o f  a f r e q u e n c y   s y n t h e s i z e r  
(SYNTH 1) w i t h   t h e   o u t p u t   o f   a n o t h e r   f r e q u e n c y  
s y n t h e s i z e r  (SYNTH 2)  near 9 MHz. A 5 MHz v o l   t a g e  
c o n t r o l l e d   c r y s t a l   o s c i l l a t o r  (VCXO) i s  used  as  a 
r e f e r e n c e   f o r  SYNTH_%P. A passive  hydrogen  maser 
(0 (1) = 1 . 5 ~ 1 0 " ~  T , frequency d r i f t  
<3%10-16/day)10 i s  used   as   a   re fe rence   f o r  SYNTH 1. 
SYNTH 2 ,   t h e   c o u n t e r ,   t h e   l a s e r   l i g h t   s h u t t e r ,   a n d  
the  microwave  and r f  s w i t c h e s   a r e   i n t e r f a c e d   t o  a 
c o m p u t e r   w h i c h   c o n t r o l s   t h e   d a t a   a c q u i s i t i o n  
sequence. The computer   s teps SYNTH 2 b y   ? l 3  mHz 
about  a f requency   nea r   t he  303 MHz c l o c k   t r a n s i t i o n  
f requency  minus 294 MHz. I f  C,, C z ,  and C, a r e  
t h r e e   s u c c e s s i v e   s i g n a l s ,   t h e   c o m p u t e r   c a l c u l a t e s   a n  
e r r o r   s i g n a l   e q u a l   t o  C, + C, - 2 C 2 . 4 ~ 5   T h i s   e r r o r  
s i g n a l   i s   i n d e p e n d e n t   o f  a l i n e a r   d r i f t   i n   t h e   t o t a l  
c o u n t   r a t e .  The  computer  s imulates an ana log  
i n t e g r a t o r   b y   i n c r e m e n t i n g  a r e g i s t e r   b y  a  number 
p r o p o r t i o n a l  t o  t h e   e r r o r   s i g n a l   a f t e r   e a c h  
measurement. The c o n t e n t s  o f  t h i s   r e g i s t e r   a r e  
o u t p u t   t o  a d i g i t a l - t o - a n a l o g   c o n v e r t e r  (D/A) ,  wh ich  
s t e e r s   t h e  VCXO so as t o  keep  the mean i n t e r r o g a t i o n  
f requency   ( t he   ave rage  o f  t he   h igh   and   l ow   f requency  
h a l f - c y c l e s )  as c l o s e  as p o s s i b l e   t o   t h e   c l o c k  
t r a n s i t i o n   f r e q u e n c y .  The f requency  o f  t h e  VCXO i s  
compared w i t h   t h e   f r e q u e n c y   o f   t h e   p a s s i v e   h y d r o g e n  
maser. 

R e s u l t s  

The A l l a n   v a r i a n c e   o f   t h e  VCXO was measured  out 
t o   3 . 2 ~ 1 0 ~  S .  The VCXO i s  used as a r e f e r e n c e  f o r  
SYNTH 2 w h i c h   p r o v i d e s   o n l y  9 MHz o f  t h e  303 MHz rf. 
By d i v i d i n g   t h e   A l l a n   v a r i a n c e   o f   t h e  VCXO by   the  
r a t i o   o f   t h e   c l o c k   t r a n s i t i o n   a n d  SYNTH 2 
f r e q u e n c i e s   ( e q u a l   t o   3 3 . 6 ) ,   t h e   A l l a n   v a r i a n c e ,  
U (x), o f  an o s c i l l a t o r   s t a b i l i z e d   b y   t h e   e n t i r e  303 
M#z c l o c k   t r a n s i t i o n   i s   o b t a i n e d ,   s i n c e   f r e q u e n c y  

Computer 

1 I 

Freq. Step 

1-5 MHz 

1 

/Ion  Trap 

-9 MHz 

Mixer 

A o n  Trap 4 9 4  MHz 

SYNTH l 

-5 MHz 

Passive H 
Maser 

F i g u r e  5 B lock   d iag ram o f  the  f requency  servo.  
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f l u c t u a t i o n s   i n   t h e   f r e q u e n c y   d o u b l e d  294 MHz o u t p u t  
o f  SYNTH 1 a r e   n e g l i g i b l e .   f i g u r e  6 shows U (I) f o r  
s i x   r u n s   o f   t h i s   e x p e r i m e n t .  The a t t a c k  'time i s  
between 300 and 400 S .  f o r   t i m e s   g r e a t e r  tha_rl t h e  
a t t a c k   t i m e ,  U (x) i s   f a l l i n g   o f f   a s   2 ~ 1 0 - l ~  1 '. A 
measurement   o fYthe vl c l o c k   t r a n s i t i o n   f r e q u e n c y   i s  
o b t a i n e d  fTom  each  run. A we igh ted   average 
f requency ,  f ,  i s   o b t a i n e d   f o r   f i f t e e n  6400s runs   by  
w e i g h t i n g   e a c h   r u n   a c c o r d i n g   t o   i t s   s t a b i l i t y  U (T) 
a t  ~ 1 6 0 0  S .  Y 

2 
- 1 (f i/Ui 

1 ( l /U i2 )  

f =  

= 303 016  377.265  077 Hz 

The s t a n d a r d   d e v i a t i o n   o f   t h i s   a v e r a g e   i s  

= 44 pHz (1.5~10-'~). 

A s  noted   above,   the   f requency  o f  t h e   s t a b i  1 i z e d  
V C X O  was measured r e l a t i v e  t o  t h e   p a s s i v e   h y d r o g e n  
maser. The u n c e r t a i n t y   o f   t h e   m e a s u r e d   f r e q u e n c y   o f  
t h e   p a s s i v e   h y d r o g e n   m a s e r   r e l a t i v e   t o   t h e  
i n t e r n a t i o n a l   d e f i n i t i o n   o f   t h e   s e c o n d ,   b a s e d   o n   t h e  
C S  h y p e r f i n e   s e p a r a t i o n ,   i s  64 pHz ( Z . ~ X ~ O - ' ~ ) .  

Var ious   exper imen ta l   pa ramete rs   were   va r ied   t o  
t e s t   f o r   p o s s i b l e   s y s t e m a t i c   e r r o r s .  The m i x i n g  
microwave  power was v a r i e d   b y   o v e r   2 0 d B .  I n  t h e  
i n i t i a l   s t a g e s   o f   t h i s   e x p e r i m e n t ,  a 1x10-'* s h i f t  
i n   t h e  m e a s u r e d   c l o c k   t r a n s i t i o n   f r e q u e n c y  was 
observed when the   mix ing   mic rowave  power  was lowered 
by  20dB. It was d e t e r m i n e d   t h a t   t h i s   s h i f t  was 

r e l a t e d   t o   t h e   s m a l l  rf l e a k a g e   d u r i n g   t h e  repump- 
i n g   ( l a s e r ,   m i x i n g   m i c r o w a v e s   o n )   p a r t   o f   t h e   d a t a  
c y c l e .  By s w i t c h i n g   t h e  SYNTH 2 f requency   by  +l 
kHz d u r i n g   t h e   r e p u m p i n g   p a r t   o f   t h e   d a t a   c y c l e ,  
t h i s   s h i f t  was made t o   d i s a p p e a r .   O t h e r  param- 
e t e r s   w h i c h   w e r e   v a r i e d   i n   o r d e r   t o   t e s t   f o r  
s y s t e m a t i c   f r e q u e n c y   s h i f t s   w e r e   t h e   l a s e r   p o w e r  
and   t he  number o f  i o n s ,   e a c h   o f   w h i c h  was v a r i e d  
b y   a b o u t  a fac to r   o f   two ,   and   va r ious   dead   t imes  
wh ich   were   i nse r ted   be tween   pa r t s  o f  t h e   d a t a  
c y c l e .   I n   o r d e r   t o   t e s t   f o r   f r e q u e n c y   o f f s e t s  
due, f o r  example, t o  an  asymmetric  component o f  
t h e   r e s o n a n c e   l i n e ,   t h e   f r e q u e n c y   s t e p s   w e r e  
changed t o  iO.47 Hz, so t h a t   t h e   s i d e s   o f   t h e  
n i n t h   s i d e l o b e s ,   r a t h e r   t h a n   o f   t h e   c e n t r a l   l o b e ,  
were  sampled  (See  Fig. 3). No s y s t e m a t i c   s h i f t s  
w e r e   o b s e r v e d   a t   t h e   l e v e l   p e r m i t t e d   b y   t h e  
s i g n a l - t o - n o i s e   r a t i o   ( a   f e w   p a r t s   i n  

Tab le  1 l i s t s   t h e   e s t i m a t e d   s y s t e m a t i c   e r r o r s  
f o r   t h i s   e x p e r i m e n t .  The 3 p a r t s   i n  l o 6  peak- to -  
p e a k   f l u c t u a t i o n s   i n   t h e   m a g n e t i c   f i e l d   c o n t r i -  
b u t e  a 3 ~ 1 0 - l ~  u n c e r t a i n t y   i n   t h e   c l o c k   t r a n s i t i o n  
f r e q u e n c y .   S t a t e   o f   t h e   a r t   s u p e r c o n d u c t i n g  
magnets  have s t a b i l i t i e s  1,000 t i m e s   b e t t e r   t h a n  
the  magnet   used i n   t h i s   e x p e r i m e n t ,   w h i c h   c o u l d  
l o w e r   t h i s   u n c e r t a i n t y   b y  a f a c t o r   o f  lo6. 
N o n l i n e a r i t i e s   a n d   f r e q u e n c y   d r i f t   i n   t h e  V C X O  
c o u l d   c a u s e   s e r v o   o f f s e t s   a t   t h e   3 ~ l O - l ~   l e v e l ,  
By improv ing   t he   se rvo   sys tem  ( fo r   i ns tance :&  
1 i n e a r i   z i n g   t h e  VCXO response)   th is   uncer ta in ty , ,  
c o u l d   b e   s u b s t a n t i a l l y   r e d u c e d .  The t e m p e r a t u r e .  
o f   t h e   i o n s  w i th  t h e   l a s e r   o n  was measured t o  be 
a p p r o x i m a t e l y   1 0 0 m K w h i c h   c o r r e s p o n d s   t o  a second- 
o r d e r   D o p p l e r   s h i f t   o f  1.5~10'~~. W i t h   t h e   l a s e r  
o f f ,  some h e a t i n g  o f  t h e   i o n s  was observed. 
D u r i n g   t h e  20 S r f  Ramsey p e r i o d   w h i l e   t h e   l a s e r  
was o f f ,   t h e   i o n   t e m p e r a t u r e   i n c r e a s e d   t o   a b o u t  
3 K. T h i s   r e s u l t s   i n  a s e c o n d - o r d e r   D o p p l e r   s h i f t  
o f  abou t  5 p a r t s   i n  We b e l i e v e   t h a t   t h e  
h e a t i n g   o b s e r v e d  i n   t h i s   e x p e r i m e n t   c a n   b e  

I 
Standard  Performance 

\ Commercial CS Beam 

t T 
l 

High Performance 
Commercial  CS  Beam 

F i g u r e  6 .  U ( .C) i n  this  exper imen t   compared   w i th   s tandard   and   h igh  
pgrformance  commercial  CS beam tubes. 



TABLE 1. E s t i m a t e d   s y s t e m a t i c   e r r o r s  

S y s t e m a t i c   S i z e   o f  
e f f e c t   e f f e c t   U n c e r t a i n t y  

M a g n e t i c   f i e l d  ul= 303 MHz 3 X 10-14 
f r e q .   s h i f t  

S e r v o   o f f s e t s  3 X 10-14  3  x  10-14 

2nd  o rder   Dopp ler  5 x 1 0 4 4  5 X 10-14 

P u l l   i n g   d u e   t o  <10-1s 
s p u r i o u s   s i g n a l s  

S t a r k   s h i f t s   a 0 4 5  

1 s t   o r d e r   D o p p l e r  <10-15 

C o l l i s i o n s   w i t h  (10-15 

background gas 

Background  s lopes <10-15 

Coherence  between  <10-15 
cyc 1  es 

u n d e r s t o o d   a n d   c o n t r o l l e d   i n   f u t u r e   e x p e r i m e n t s ,  and 
t h a t   s e c o n d - o r d e r   D o p p l e r   s h i f t s   a t   t h e  l~lO-~~ 
l e v e l  will be  obta ined.  A p o t e n t i a l   s y s t e m a t i c  
e f f e c t  f o r  s t o r e d   i o n   f r e q u e n c y   s t a n d a r d s  i s  a l i g h t  
s h i f t  due t o  an i n c o m p l e t e   r e i n i t i a l i z a t i o n   o f   t h e  
i o n   p o p u l a t i o n   d u r i n g   t h e   r e p u m p i n g   p a r t  o f  t h e   d a t a  
c y c l e 1 ' .  Such  a s h i f t  may be present   even  though 
t h e   l i g h t   i s   o f f   d u r i n g   t h e  r f  i n t e r r o g a t i o n   p e r i o d ,  
i f  c o h e r e n c e   s u r v i v e s   t h e   r e p u m p i n g   p e r i o d .   I n   t h i s  
exper imen t ,   t he   compu te r   random  func t i on   genera to r  
was used t o  randomize   t he   phase   o f   t he  r f  b e f o r e  
each rf Ramsey p e r i o d .   T h i s   e l i m i n a t e s   a n y   s y s t e -  
m a t i c   l i g h t   s h i f t .  All o t h e r   s y s t e m a t i c   e f f e c t s  
l i s t e d   i n   T a b l e  1 a r e   l e s s   t h a n  1~lO-l~. U n f o r t u -  
n a t e l y ,   t h e   s i g n a l - t o - n o i s e   r a t i o   i n   t h i s   e x p e r i m e n t  
d i d   n o t   p e r m i t   r e a c h i n g   t h e   l e v e l   o f   t h e   a n t i c i p a t e d  
s y s t e m a t i c s   o f   T a b l e  1 i n  a reasonable  amount   o f  
t ime .  

F u t u r e  Work 

As s t a t e d   i n   t h e   i n t r o d u c t i o n ,   t h e   p u r p o s e   o f  
t h i s   e x p e r i m e n t  was t o   s t u d y   t h e   g e n e r i c   p r o b l e m s   o f  
s t o r e d   i o n   f r e q u e n c y   s t a n d a r d s   w i t h   c o l d   i o n s .  
U l t i m a t e l y ,   t h e  same exper imen t   cou ld   be   pe r fo rmed  
on t h e  26 GHz f i e l d   i n d e p e n d e n t   g r o u n d   s t a t e  
h y p e r f i n e   t r a p s i t i o n   i n  201Hg . 6  Based  on  prev ious 
w o r k   w i t h  Mg i o n s 7 ,   1 0  mHz l i n e w i d t h s   s h o u l d   b e  
o b t a i n a b l e .   T h i s   w o u l d   g i v e  a l i n e  Q o f  2 . 6 ~ 1 0 ' ~ .  
I n   f u t u r e   e x p e r i m e n t s ,  we a l s o   e x p e c t   t o   l o a d  
c l o u d s   w i t h   a s  many as l o 5  i o n s . 1 2  From t h e  
r e s u l t s   o b t a i n e d   i n   t h i s   e x p e r i m e n t   o n   s m a l l  
c louds  and a  303 MHz c l o c k   t r a n s i t i o n   f r e q u e n c y +  
we a n t i c i p a t e   t h a t  a s t a b i l i t y   o f   2 ~ l O ' ' ~  1 
s h o u l d   b e   o b t a i n a b l e   w i t h  a f r e q e n c y   s t a n d a r d  
based   on   l a rge   c louds   o f  201Hg i o n s .  The 
u n c e r t a i n t y   o f  the a n t i c i p a t e d   s y s t e m a t i c   e f f e c t s  
shou ld   be   comparab le   t o   t hose   d i scussed   i n   t he  
p r e v i o u s   s e c t i o n ;   t h u s   a n   a c c u r a c y   o n   t h e   o r d e r   o f  

i s  expec ted .   The  deve lopment   o f   the  cw, 
t u n a b l e ,  narrow+band s o u r c e   a t   1 9 4  nm r e q u i r e d   f o r  
c o o l i n g   t h e  Hg ions  has now b e e n   a c c o 1 ~ p 1 i s h e d . l ~  
E x p e r i m e n t s   o n   t r a p p i n g   a n d   c o o l i n g  Hg i o n s   a r e  
b e i n g   i n i t i a t e d .  
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